Thermal aging of three-wire seriesarc stainless steel weld overlay cladding at 288' C for 1605 h resulted in an appreciable decrease (16%) in the Charpy V-notch (CVN) upper-shelf energy (USE), but the effect on the 414 transition temperature shift was very small (3OC). The combined effect of aging and neutron irradiation at 288OC to a fluence of 5 x 10" neutrons/cm2 (> 1 MeV) was a 22% reduction in the USE and a 29°C shift in the 414 transition temperature. The effect of thermal aging on tensile properties was very small. However, the combined effect of irradiation and aging was an increase in the yield strength (6 to 34% at test temperatures from 288 to -1 25OC) but no apparent change in ultimate tensile strength or total elongation. Neutron irradiation reduced the initiation fracture toughness (JJ much more than did thermal aging alone. Irradiation slightly decreased the tearing modulus, but no reduction was caused by thermal aging alone. Other results from tensile, CVN, and fracture toughness specimens showed that the effects of thermal aging at 288 or 343OC for 20,000 h each were very small and similar to those at 288OC for 1605 h. The effects of long-term thermal exposure time (50,000 h and greater) at 288OC will be investigated as the specimens become available in 1996 and beyond. 
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Experimental Procedures
Stainless steel weld overlay cladding was fabricated using the three-wire series-arc method. 
Thermal Aging Plan
Pieces and specimens from three-wire series-arc stainless steel cladding were thermally aged in air in two separate furnaces as discussed below. Several thermocouples were spot welded to the specimens, and aging temperatures were recorded daily:
1. Aging temperature of 288OC (55OOF) for times of 1605,20,000,50,000 h, and greater. The aging time of 1650 h is equal to the irradiation time of the high-fluence [5 x 1 01' neutrons/cm2 (> 1 MeV)] specimens to enable us to separate the effects of thermal aging from those of neutron embrittlement. Also, the various aging times will provide data on effects of thermal aging versus time. The 1605-and 20,000-h aging sets were completed, and their test results are presented in this report while the 50,000-h and greater agings are still in progress.
2 Aging temperature of 343OC (65OOF) for 20,000 h to compare with specimens from type 308 stainless steel welds thermally aged and tested earlier.' Additional pieces from type 308 stainless steel welds were also aged for 50,000 h. Results of aged three-wire cladding specimens are presented in this report, while the results of type 308 stainless steel weld specimens will be presented in another report.
Both thermal aging series above included several round tensile, CVN impact, PCVN, and 12.7-mm-thick compact [OST C O ] fracture toughness specimens. All specimens have an L-S orientation (L is the welding direction).
Results and Discussion
The effects of neutron irradiation and thermal aging alone at 288OC for 1605 h on impact, tensile, and fracture toughness properties are described and discussed first. The effects of thermal aging for 20,000 h at 288 and 343OC are presented later.
Effects of Neutron Irradiation and Thermal Aging at 288OC for 1605 h
.I Charpy Impact Properties
All cladding exhibited ductile-to-brittle transition behavior during Charpy impact testing due to the dominance of &ferrite failures at low temperatures? The CVN test results fitted with a hyperbolic tangent function for the Agedb as-received (unirradiated), thermally aged at 288OC, and irradiated specimens are summarized in Table 2 .
Comparisons of the CVN impact energy and lateral expansion of the three material conditions (as-received, thermally aged, and irradiated) are shown in Figures 1 and 2 , respectively. The drop in the upper-shelf energy (USE) for the irradiated specimens [fluence of 5 x 10" neutrons/cmz (> 1 MeV), irradiation temperature of 288OCI was 22Oh due to the combined effect of neutron irradiation and thermal aging. The USE was reduced by 16% due to thermal aging exposure. Hence, it appears that the contribution of thermal aging to the CVN upper-shelf drop is large compared to the irradiation damage (16 vs 6%, assuming that the effects of irradiation and thermal aging can simply be added together). Additionally, thermal aging resulted in essentially no shift (3OC measured shift) of the Charpy impact transition temperature at the 414 level. This effect of thermal aging on the 414 transition temperature shif& is very small compared to the combined effect during neutron irradiation (3 vs 29OC). Also, the lateral expansion upper and lower shelves were lowered due to the thermal aging by 4 and 48%, respectively, compared to the as-received material. However, due to the small number of specimens tested at the lower shelf, the percentage drop of the lateral expansion lower shelf is not rigorous. The drops in the lateral expansion upper and lower shelves after irradiation were 42 and 93016, respectively, compared to the as-received material. The effect of thermal aging at 288OC for 1605 h on the tensile properties (yield strength, ultimate strength, and total elongation) was very small or negligible. The tensile data for unirradiated, thermally aged (at 288OC for 1605 h), and irradiated specimens [at 288OC to a fluence of 5 x 10'' neutrons/cm2 (> 1 MeV)] are given in Tables 3 through  5 . The uniaxial tensile data (yield strength, ultimate strength, and total elongation) for the cladding material in those three conditions are shown in Figures 3 through 5 . The tables and figures show that the increase (6 to 34%) in yield strength of the three-wire stainless steel cladding was due to the neutron irradiation with no appreciable contribution due to short-term thermal aging. The ultimate strength and the total elongation were not affected by irradiation and/or thermal aging. 
Fracture Toughness
The test results of 12.7-mm-thick compact [O.STC(T)] fracture toughness specimens are summarized in Table 6 for the unirradiated, thermally aged (1605 h at 288OC), and irradiated [637 h at 288OC to a fluence of 2.4 x 10'' neutrons/cm* (> 1 MeV)] material conditions. All specimens were 10% sidegrooved on each side and tested using a computerized single-specimen unloading-compliance technique. The deformation J-integral values of J, and tearing modulus at various test temperatures are also shown in Figures 6 and 7 , respectively. These results indicate that thermal aging reduced the initiation fracture toughness (JJ at room temperature and at 120OC; however, there was no apparent effect at 288OC. This lack of an effect of thermal aging at 288OC for 1605 h on J , at the test temperature of 288OC was also repeated for the J,, tests following the 20,000-h aging, as will be shown later. The effect of thermal aging on the tearing modulus was insignificant (no reduction) for all test temperatures (room temperature, 120, and 288OC). The low values of J,, and tearing modulus for the irradiated cladding (comparable to low upper-shelf ferritic steels sensitive to irradiation)' raise concern about the potential adverse impact of stainless steel cladding on the integrity of a pressure vessel during an overcooling transient (e.g., pressurized thermal shock) in which the growth of small surface flaws can have a significant effect on the probability of vessel failure. This is particularly imporant since cladding failures have occurred in several pressure vessels! An evaluation of the effects of irradiated stainless steel cladding on the fracture behavior of shallow flaws under pressurized-thermal-shock (PTS) loading has been reported by Keeney-Walker et al? For pressure and temperature loading histories of the RPV, the authors used an idealization of the Rancho Seco PTS transient. The ductile fracture toughness properties for irradiated cladding (see Figure 6 ), a relatively low clad yield stress, and the assumption of stress-free cladding at the RPV operating temperature were used to analyze the potential for ductile tearing of the cladding. Under those conditions, results were presented which indicate ductile tearing of the cladding is unlikely to occur for the conditions assumed in the model. 
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3.2 Effects of Thermal Aging for 20,000 h at 288 or 343OC
Charpy Impact Properties
The CVN test results shown in Table 7 indicate that: (1) thermal aging at 288OC slightly increased the 41-J transition temperature, slightly decreased the upper-shelf impact energy, and increased the 684 transition temperature; and (2) increasing the thermal aging time from 1605 to 20,000 h at 288OC did not affect the impact properties. The effects of thermal aging on lateral expansion were small and showed a relatively larger scatter.
The effects of thermal aging at 343OC on the upper and lower shelves (for both impact energy and lateral expansion) were similar to those due to aging at 288OC for 1605 or 20,000 h. However, the 343OC aging caused much greater increases in the 41-and 684 transition temperatures compared to aging at 288OC, as shown in Table 7 and Figures 8 through 11. A comparison of the effects of thermal aging on the Charpy impact energy and lateral expansion is shown in Figures 12 and 13. 
Tensile Properties
The effects of thermal aging at 288 or at 343OC on the yield and ultimate tensile strength were negligible (small measured increases), as can be seen from Table 8 . However, the total elongation decreased approximately 40 to 49% at -125OC, did not change at room temperature, and increased 19 to 37% at 288OC. Figures 14 through 16 show a comparison of the tensile test results for the three cladding conditions (as-received, aged 20,000 h at 288OC, and aged 20,000 h at 343OC).
Fracture Toughness
The effects of thermal aging at 288 or 343OC for 20,000 h are summarized in Tables 9 and 10 and shown in Figures 17 through 20 . Thermal aging at these temperatures decreased the tearing modulus. However, the effects of thermal aging on the initiation fracture toughness, Jk, were very small but inconsistent. The small number of specimens tested showed both higher and lower J, toughness values at the three test temperatures of 20,120, and 288OC, indicating that thermal aging up to 20,000 h did not significantly degrade the initiation fracture toughness, J,,, of this three-wire stainless steel cladding material.
Conclusions and Description of Future Work
Thermal aging of three-wire stainless steel weld overlay cladding at 288OC for 1605 h resulted in an appreciable decrease (16%) in the CVN USE, but the effect on the 414 transition temperature shift was negligible (3OC). The combined effect following neutron irradiation at 288OC to a fluence of 5 x 10'' neutrons/cm2 (> 1 MeV) was a 22% reduction in the CVN USE and a 29OC shift at the 41-J level. The effect of thermal aging on tensile properties was vely small or negligible. However, the combined effect after neutron irradiation was an increase (6 to 34% at test temperatures for 288 to -125OC) in the yield strength and no apparent change in ultimate strength and total elongation. Neutron irradiation reduced the initiation fracture toughness (JJ much more than dd thermal aging. Furthermore, irradiation slightly reduced the tearing modulus, but no reduction was caused by thermal aging alone.
The effects of short-term thermal aging on dynamic fracture toughness values will be reported separately. The effects of long-term thermal exposure (50,000 h and more) will be investigated when the specimens become available. Future work will include examining cladding from decommissioned reactors (such as the German Gundremmingen Reactor) using miniature specimen techniques to compare to ORNL's three-wire cladding. for 20,000 h on the Charpy impact lateral expansion of three-wire series-arc stainless steel cladding, L S orientation. 
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